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M1	 2164212	 0.1	 X:	0.65	
Y:	0.25	
Z:	0.5	
M2	 4082534	 0.05	 X:	0.65	
Y:	0.2	
Z:	0.35	


















Mesh	 M1	 M2	 M3	

























Mesh	 Cells	 ε1	 Ε2	
M1	 2164212	 0.0124	 0.0213	
M2	 4082534	 0.00478	 0.00455	
M3	 10297657	 -	 -	
 
Based on these results, mesh M2 was considered for the rest of the computations performed in this work, 
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where	Δδ’	is	the	displacement	of	Moiré	fringes	and	δ’	the	spatial	period	of	Moiré	fringes.	
However	as	D	increases	to	increase	the	sensitivity,	this	approximation	falls,	and	due	to	
diffraction,	trace	duplication	appears.	This	effect	produces	an	error		in	the	estimation	of	the	
refractive	index	gradient	[63].	For	the	grating	period	(δ)and	the	selected	gap	(D)	used	in	the	
experiments	to	have	adequate	sensitivity,	the	error	in	the	phase	shift	computation	was	
approximately	a	30%.	
The	other	source	of	uncertainty	was	due	to	the	heating	of	sidewalls	and	consequently	the	
external	convection	and	modification	of	temperature	profiles	inside	the	flow.	A	proper	
quantification	of	those	errors	is	complex,	and	it	would	be	requiere		to	measure	with	
thermocouples	the	temperature	distribution	in	the	glass	window	(bot	in	the	internal	and	
external	faces),	and	this	measures	would	disturb	the	flow	inside	the	channel.		
	
4.2.4	Comparison	with	numerical	results.		
To	compare	with	the	numerical	results,	Moire	deflectometry	experimental	technique	was	
applied	to	the	step	geometry	in	the	case	Re	=	500	and	Richardson,	Ri,	equal	to	0.05,	where	the	
natural	convection	is	negligible	and	the	flow	velocity	is	not	very	low.		
Before	starting	to	record	data	from	the	Moire	deflectogram,	enough	time	was	waited	to	
ensure	distribution	of	temperatures	on	the	bottom	wall	as	uniform	and	steady	as	possible.	The	
measurements	were	started	when	no	temperature	variations	were	observed	within	the	
accuracy	of	the	experimental	equipment.	Figure	11	shows	a	typical	result	of	the	temporal	
evolution	of	the	temperature	measurement	with	thermocouples	in	the	experiments	
performed.		As	can	be	seen	in	the	figure	the	differences	between	the	thermocouples	
measurements	are	of	the	order	of	±3.5%.		
	
	
Figure	11.	Temporal	evolution	of	the	temperature	measurements	with	the	three	thermocouples,	non-
uniformities	are	of	about	1.5%	
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Figure	12	shows	a	representative	result	of	applying	the	two-dimensional	fast	Fourier	transform	
(FFT)	to	a	Moire	deflectogram:	figure	12(a)	initial	fringe	pattern	of	the	flow	in	the	region	of	the	
step,	Fig.	12(b)	the	module	2π	phase	map	computed	from	the	fringe	pattern,	and	finally	Fig.	
12(c)	presents	the	2D	phase	field	non-dimensionalized.	The	larger	phase	shift	corresponds	to	
the	bottom	wall	downstream	of	the	primary	recirculation	bubble	and	the	shear	layer	formed	
after	the	step.	The	phase	shift	in	Moire	deflectometry	represents	the	line-average	of	the	
refractive	gradient	along	the	width	of	the	channel,	therefore	the	maximum	values	of	the	
gradient	of	the	index	of	refraction	occur	in	those	zones.	However,	it	should	be	noted	that	
although	the	refraction	index	computed	from	the	gradient	may	represent	an	average	value,	
the	corresponding	temperature	obtained	does	not	represent	the	bulk	temperature	in	the	z-
axis	direction	as	previously	mentioned,	due	to	the	three-dimensional	flow	originated	by	the	
side-walls	in	a	narrow	channel.	On	the	other	hand,	since	the	waiting	time	necessary	to	achieve	
uniformity	of	temperatures	in	the	heated	bottom	wall,	is	large,	the	temperature	of	the	glass	
windows	increases	and	thus	varying	the	refraction	index	of	the	glass.		This	effect	together	with	
the	natural	convection	in	the	external	side	glass	windows	should	be	taken	into	account	when	
comparing	it	with	the	numerical	results,	especially	in	the	case	of	backward	facing	step	with	low	
aspect	ratios.	
	
Figure	12.	Moire	deflectogram:	(a)	initial	fringe	pattern	of	the	flow	in	the	region	of	the	step,	(b)	module	2π	phase	
map	computed	from	the	fringe	pattern,	and	(c)	presents	the	2D	phase	field	non-dimensionalized	
Correcting	the	phase	shift	map	due	to	the	heating	of	the	sidewalls	requires	the	computation	of	
conduction	effects	in	solids	in	the	numerical	model.	For	this	reason,	and	for	validation	
purposes	only,	the	computation	of	thermal	conduction	through	solid	material	of	all	channel	
walls	coupled	with	the	heat	transfer	in	fluid	(through	the	Conjugate	Heat	Transfer,	CHT)	was	
carried	out.	The	thickness	of	the	walls	and	the	thermal	conductivity	of	the	solids	used	in	the	
numerical	computations	was	the	same	as	in	the	experimental	study.	A	sketch	of	the	test	
section	with	the	different	materials	used	is	shown	in	Figure	13.	The	grid	resolution	of	fluid	
domain	was	the	same	one	used	in	the	rest	of	the	work,	that	is,	M2.	
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Figure	13.	Sketch	of	the	test	section	with	the	different	materials	used	indicated.	
Figure	14(top)	shows	several	non-dimensional	temperature	contours	at	different	streamwise	
locations	in	the	case	of	conjugated	heat	transfer	computations.	These	contours	are	obtained	
for	a	physical	time	of	100	seconds.	Figure	14(bottom)	shows	the	same	contours	in	the	case	of	
adiabatic	walls	with	exception	of	the	bottom	wall	downstream	of	the	step	that	is	maintained	at	
constant	temperature.	As	observed	when	comparing	the	images,	there	are	two	effects:	first,	
the	temperature	field	is	altered	by	the	heat	transfer	through	the	the	sidewalls.	Second,	the	
temperature	is	not	uniform	in	the	glass	window.	As	mentioned	in	the	uncertainty	analysis,	in	
order	to	make	a	quantitative	comparison	between	the	experimental	and	numerical	results,	it	
would	be	necessary	to	determine	experimentally	the	temperature	distribution	inside	and	
outside	of	the	glass	window,	and	to	include	in	the	simulation	the	natural	external	convection	
originated	by	this	temperature.	
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Figure	14.	Comparison	of	the	non-dimensional	temperature	contours	of	at	different	streamwise	locations:	(Top)	
for	the	computation	including	solid	walls	(CHT)	and	(bottom)	with	adiabatic	walls.	
However,	as	it	can	be	seen	in	Figure	15	and	Figure	16	where	dimensionless	phase	shift	
contours	on	the	test	section	and	the	dimensionless	phase	at	a	streamwise	(x/s=1.66)	location	
with	the	y-coordinate,	are	plotted	respectively	(ϕmax	is	the	maximum	phase	shift	in	the	shear	
layer).		The	qualitative	agreement	between	the	experimental	and	numerical	results	is	quite	
good,	obtaining	in	both	cases	the	maximum	phase	shift	in	the	bottom	wall	and	in	the	shear	
layer.	The	quantitative	discrepancies	are	due,	in	addition	to	the	previously	mentioned	effects,	
to	quick	changes	of	refractive	index	inside	the	flow	along	y-axis	on	a	pitch	scale	(58),	and	the	
disturbance	introduced	by	variations	in	the	refractive	index	of	the	glass	sidewall	as	its	
temperature	increases.	
The	agreement	found	with	published	results	and	the	qualitatively	agreement	with	
experimental	results	lends	support	to	the	validity	of	the	numerical	results	obtained	in	the	
present	work.	
	
	
Figure	15.	Comparison	of	the	experimental	(bottom)	and	numerical	(top)	dimensionless	phase	shift	z-averaged	
contours.	
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Figure	16.	Evolution	of	the	dimensionless	phase	with	the	y	coordinate	at	a	given	streamwise	section.	
5. Results	and	Discussion	
The	objective	of	the	present	work	is	to	assess	the	effect	of	the	side-walls	on	heat	transfer	
features	of	the	backward	facing	step	in	narrow	channels	at	laminar	and	early	transitional	
regimes.	With	this	objective,	numerical	simulations	have	been	performed	for	AR=	4	and	
Reynolds	number	ranging	between	100	and	1200	and	keeping	the	heated	surface	just	
downstream	of	the	step	at	constant	temperature.	The	temperature	selected	provides	a	
Richardson	number	between	10-3	and	1	for	the	range	of	Reynolds	numbers	investigated,	i.e.,	
forced-mixed	convective	flow.		
The	study	covers	the	different	aspects	of	three-dimensional	flows	induced	by	the	presence	of	
sidewall,	i.e.:	the	wall-jet	and	the	secondary	recirculation	bubble	and	its	effect	on	the	length	of	
the	primary	recirculation	bubble	along	the	span,	and	comparing	its	effect	on	the	characteristics	
of	heat	transfer	with	flows	without	sidewall	effects	and	the	effect	of	inherent	three-
dimensional	flow	features	result	of	increasing	the	Reynolds	number.	The	analysis	is	done	
through	the	simulation	of	the	flow	on	the	BFS	with	the	same	geometry	but	with	two	different	
boundary	conditions	at	the	walls:	slip	and	non-slip	walls.	
The	flow	topology	induced	by	the	presence	of	lateral	walls	and	its	development	by	increasing	
the	Reynolds	in	the	case	of	mixed-forced	convective	flow	are	the	same	as	for	the	adiabatic	
flow	as	in	[34].	Figure	17(a)	shows	the	wall-jets	in	a	plane	close	to	the	bottom	wall	by	plotting		
the	streamtraces	obtained	forcing	the	streamtraces	to	remain	in	the	slice	plane	for	Reynolds	
800.	The	figure	includes	the	reattachment	line,	defined	as	the	line	at	which	the	streamwise	
component	of	the	velocity	is	zero.	The	flow	going	from	the	wall	to	the	mid-plane,	induced	by	
the	sidewall	in	the	region	of	sudden	expansion	is	increased	by	the	upper	wall	recirculation	
zone	adjacent	to	the	lateral	wall	shown	in	Figure	17(b).	These	jets	enhance	the	primary	eddy	at	
the	mid-plane.	Both	the	primary	and	secondary	recirculation	bubbles	become	larger	as	the	Re	
increases,	and	the	the	upper	bubble	is	moved	downstream.	
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Figure	17.	Contour	of	the	sign	of	x-velocity	component	in	a	plane	close	to	the	bottom	wall,	the	projection	of	the	
streamtraces	on	the	plane	are	also	plotted.	
Figure	18	shows	contours	of	streamwise	velocity	in	two	xy	planes:	one	close	to	the	sidewall	
(z=0.001)	and	another	one	at	the	middle	plane	(z=0.012).	The	three-dimensional	streamlines	
are	also	presented.	The	streamlines	show	how	the	wall	jets	strengthen	the	primary	bubble	in	
the	middle	of	the	channel.	The	flow	is	symmetric	and	steady	for	low	and	moderate	Re,	lower	
than	or	equal	to	1000,	this	means	that	the	instantaneous	and	time-averaged	values	of	
velocities	and	temperatures	are	the	same.	Up	to	this	Reynolds	number,	there	are	no	three-
dimensional	flow	feature	other	than	those	due	exclusively	to	the	effect	of	the	sidewalls	as	
shown	in	Figure	19,	in	which,	velocity	iso-contours,	streamlines	and	vortex	cores	calculated	
with	the	λ2	method	described	by	Jeong	and	Hussain	[64]	for	Re	800	and	1000	with	free-slip	
boundary	condition	on	lateral	wall	is	depicted.	For	the	same	BFS	three-dimensional	geometry	
but	enforcing	a	zero	normal	velocity	and	a	zero	normal	gradient	of	streamwise	velocity	at	the	
walls,	the	flow	field	is	z-independent.	
	
22
	
Figure	18.	Contour	of	streamwise	velocity	at	the	middle	plane	(z=0.012)	and	reattachment	line	(a)	and		the	3D	
streamlines	and	vortex	cores	calculated	with	the	λ2	method	(b).		
Figure	19.	Velocity	iso-contours,	streamlines	and	
vortex	cores	calculated	with	the	λ2	method	for	the	case	of	slip	walls.	Flow	two-dimensionality	in	this	case	is	
observed.	
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The	reattachment	line	has	the	same	shape	than	with	no	heat	transfer,	with	a	maximum	length	
in	the	mid-plane	due	to	the	strengthening	of	the	primary	bubble	by	the	wall	jets	and	a	
minimum	length	at	a	spanwise	position	close	to	the	sidewall	due	to	the	blockage	effect	of	the	
upper	recirculation	zone	adjacent	to	the	lateral	wall.	This	three-dimensional	structure	of	the	
flow	due	to	the	effect	of	the	sidewalls,	which	depends	on	the	aspect	ratio,	becomes	more	
remarkable	as	the	Reynolds	number	increases	as	shown	in	Figure	20,	where	the	reattachment	
line	is	drawn	for	the	two	boundary	conditions	applied	on	the	lateral	walls.	
	
Figure	20.	Velocity	contours,	streamlines	and	vortex	cores	calculated	with	the	λ2	method	for	the	case	of	slip	walls.	
Flow	two-dimensionality	in	this	case	is	observed.	
At	higher	Reynolds	numbers,	the	flow	becomes	unsteady	and	a	three-dimensional	structure	
appears.	This	structure	is	not	caused	by	the	three-dimensional	geometry	of	the	BFS	(walls)	
with	low	aspect	ratio	but	it	is	due	to	the	turbulent	flow	behavior.	These	three-dimensional	
features	are	clearly	evident	for	Re	1200,	as	shown	in	Fig.	21	where	the	flow	characteristics	for	
slip	and	non-slip	boundary	conditions	on	the	sidewalls	are	compared.	Figure	21a	depicts	the	x-
velocity	at	two	planes,		a	xy	plane	located	in	the	center	of	the	channel	and	a	horizontal	plane	
near	the	bottom	wall,	besides	the	vortex	cores	lines,	and	in	the	figure	21b	is	drawn	the	stream-
traces,	both	figures		for	the	two	boundary	conditions.	At	Reynolds	greater	than	1000,	the	flow	
begins	to	show	three-dimensionalities	even	when	the	slip	boundary	condition	was	enforced	on	
the	sidewalls.	
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Figure	21.	Velocity	contours,	streamlines	and	vortex	cores	calculated	with	the	λ2	method	for	the	case	of	non-slip	
walls	(a)	and	slip	walls	(b).	
In	the	case	of	slip	boundary	condition,	vortical	structures	appear	along	the	top	and	bottom	
walls	across	the	whole	channel	width.	The	streamtraces	develop	spirally	around	these	vortex	
cores,	thus	inducing	flow	velocity	in	the	z	direction,	which	are	not	due	to	the	lateral	walls,	but	
to	intrinsic	three-dimensional	instability	of	the	separated	flow.		However,	in	the	BFS	with	non-
slip	sidewalls	these	vortical	structures	are	not	so	evident	because	of	the	strong	and	dominant	
effect	of	the	lateral	walls	on	the	flow	through	the	wall	jets.		
This	is	evidenced	using	another	method	to	identify	the	vortices,	the	so-called	Q-criterion,	in	
which	coherent	vortices	are	defined	as	space-time	points	with	a	positive	second	invariant	of	
the	velocity	gradient	tensor	[65].	Figure	22	shows	an	isocontour	of	the	normalized	Q-criterion	
with	slip	and	non-slip	sidewalls	from	two	different	views:	a	xy-plane	and	a	horizontal	plane,	
both	in	the	middle	of	the	duct.		Figure	23	presents	a	3D	perspective	of	the	abovementioned	
structures.	It	is	clearly	perceived	as	in	the	case	of	slip	sidewalls,	the	flow	is	no	longer	z-
independent,	whereas	in	the	case	of	non-slip	sidewalls	the	flow	is	nearly	symmetrical.	As	
mentioned	above	this	is	due	to	the	strong	effect	that	walls	apply	on	the	flow	for	settings	with	
low	aspect	ratio,	masking	the	intrinsic	three-dimensional	instability.	
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Figure	22.	Iso-contours	of	Q-criterion	(0.15)	for	the	cases	of	slip	and	non-slip	boundaries	in	the	mid-plane	of	the	
channel.	
	
Figure	23.	3D	view	of	the	turbulent	structures	represented	with	the	Q-criterion.	
	
In	addition,	the	three-dimensional	instability	that	appears	in	the	case	of	slip	side-walls	shows	a	
periodicity	with	a	fundamental	frequency.	Figure	24(top)	shows	the	instantaneous	velocity	in	
the	streamwise	direction	as	a	function	of	time	and	Figure	24(bottom)	the	FFT	for	the	three	
velocity	components	at	an	arbitrarily	chosen	point	in	the	flow	field.	However,	in	the	case	of	
non-slip	sidewalls	no	fundamental	frequency	is	clearly	detected	as	can	be	seen	in	Figure	25.	
This	intrinsic	three-dimensional	instability	modifies	the	thermal	boundary	layer,	increasing	
heat	transfer	as	will	be	seen	in	the	following.	
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Figure	24.	Top	the	instantaneous	velocity	in	the	streamwise	direction	as	a	function	of	time,	and	bottom	the	FFT	
for	the	three	velocity	components	at	an	arbitrarily	chosen	point	in	the	flow	field.	This	is	obtained	for	a	case	with	a	
slip	walls	and	a	Reynolds	of	1200.	
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Figure	25.	Top	the	instantaneous	velocity	in	the	streamwise	direction	as	a	function	of	time,	and	bottom	the	FFT	
for	the	three	velocity	components	at	an	arbitrarily	chosen	point	in	the	flow	field	for	a	case	with	a	non-slip	walls	
and	a	Reynolds	of	1200.	
The	behavior	of	the	Nusselt	number	over	the	hot	plate	in	the	case	of	non-slip	sidewalls	is	
similar	for	all	Reynolds	numbers	studied,	which	for	the	selected	plate	temperature	
corresponds	to	mixed-forced	convective	flow.	Figure	26	depicts	the	time-averaged	Nusselt	
number	isocontours	on	the	heated	lower	plate,	and	the	reattachment	line	and	the	
streamtraces	on	a	plane	near	the	bottom	wall	(y/s=0.167)	for	Reynolds	numbers	1000	and	
1200.		
The	maximum	of	the	Nusselt	appears	symmetrically	near	the	sidewalls	and	in	the	same	zone	
where	the	reattachment	length	is	minimum.	This	coincides	with	the	impingement	region	on	
the	stepped	wall	and	consequently,	it	seems	to	be	associated	the	presence	of	wall	jets	coming	
from	the	lateral	walls.	Moreover,	the	zone	of	largest	Nusselt	numbers	in	the	bottom	wall	of	
the	channel	is	located	in	the	wake	downstream	of	this	region.	Increasing	the	Reynolds	number,	
moves	this	maximum	downstream	as	the	reattachment	line	also	does.		
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Figure	26.	Time-averaged	Nusselt	number	isocontours	on	the	heated	lower	plate,	and	the	reattachment	line	and	
the	streamtraces	on	a	plane	near	the	bottom	wall	(y/s=0.167)	for	Reynolds	numbers	1000	and	1200	and	non-slip	
walls.	
	
However,	as	shown	in	Figure	27,	when	the	numerical	simulation	is	performed	with	slip	
sidewalls,	the	Nu	distribution	on	the	heated	plate	is	z-independent	for	Reynolds	equal	to	1000	
with	the	maximum	Nu	appearing	near	of	the	reattachment	line.	For	Reynolds	1200	the	Nu	
distribution	depends	on	z,	and	zones	of	high	Nusselt	numbers	downstream	of	the	primary	
recirculation	zone	appear.	These	zones	coincide	with	the	vortical	structures	on	the	bottom	
wall.	Moreover,	values	of	the	maximum	Nu	in	both	cases	are	larger	than	those	corresponding	
to	the	simulation	with	non-slip	sidewalls.	
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Figure	27.	Time-averaged	Nusselt	number	isocontours	on	the	heated	lower	plate	for	Reynolds	numbers	1000	and	
1200	and	slip	walls.	
This	result	is	illustrated	in	more	detail	in	Figure	28,	where	the	spanwise	average	Nussselt	
number	is	plotted	along	the	x-axis	for	Re	800,	1000	and	1200	for	the	two	boundary	conditions	
on	lateral	walls.	The	peak	of	Nu	due	to	the	primary	recirculation	bubble	is	significantly	greater	
in	the	case	of	slip	sidewalls	for	the	three	Reynolds.	The	Nusselt	then	decreases	downstream,	
being	lower	than	the	corresponding	values	of	the	case	with	non-slip	sidewalls.	This	is	different	
in	the	Re	1200	case,	where	vortices	across	the	width	of	the	channel	appear	on	the	bottom	wall	
downstream	of	the	primary	recirculation	zone,	yielding	successive	peaks	of	Nusselt	number.
	
Figure	28.	Spanwise-averaged	Nusselt	number	evolution	along	the	channel	for	different	Reynolds	and	the	two	
boundary	conditions	considered.	
These	findings	are	summarized	in	Figure	29,	which	shows	the	surface-averaged	value	of	the	
Nusselt	on	the	hot	plate.	For	small	Re,	the	Nu	is	larger	with	non-slip	sidewalls	up	to	Re	500.	
Then	there	is	a	change	being	greater	the	Nu	with	slip	sidewalls.	This	effect	is	due	in	part	to	the	
movement	downstream	of	the	reattachment	line	by	the	increase	of	Re	and	the	finite	length	of	
the	hot	bottom	surface.	
However,	when	intrinsic	three-dimensional	instabilities	appear	at	Re	1200	there	is	a	sudden	
change	in	the	slope	of	the	curve	corresponding	to	the	results	with	slip	sidewalls.	These	
instabilities	are	likely	to	be	the	cause	of	the	heat	transfer	enhancement	on	the	bottom	wall,	
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which	does	not	occur	in	the	case	of	non-slip	sidewalls	where	the	wall	jets	that	penetrate	to	the	
mid-plane	damp	the	effect	of	the	instabilities	in	BFS	with	low	aspect	ratio.	
	
	
Figure	29.	Surface-averaged	Nusselt	number	evolution	with	the	flow	Reynolds	number	for	the	two	boundary	
conditions	considered.	
6. Conclusions	
This	manuscript	analyzes	the	effects	of	sidewalls	on	heat	transfer	phenomena	in	the	flow	on	a	
narrow	channel	backward	facing	step	geometry.	The	study	is	performed	for	laminar	and	early		
transitional	regime	as	a	function	of	Reynolds	number.	Large-Eddy	Numerical	Simulations	were	
performed	using	the	dynamic	Smagorinsky	formulation.		
The	results	obtained	show	good	quantitative	agreement	with	experimental	and	numerical	data	
from	the	literature	used	for	verification	and	qualitatively	with	the	experimental	data	obtained	
by	the	authors	with	Moiré	deflectometry,	in	spite	of	the	heat	transfer	in	the	lateral	walls	glass	
of	the	experimental	setup,	and	the	natural	convection	on	the	exterior	of	the	lateral	walls	of	the	
tunnel	and	diffraction	effects,	which	alter	the	experimental	measurements	obtained.	
To	distinguish	the	three-dimensionality	of	the	flow	due	to	the	effect	of	the	lateral	walls	in	
ducts	with	low	aspect	ratio	from	the	intrinsic	three-dimensional	instability	of	the	turbulent	
separated	flow,	numerical	simulations	were	performed	with	two	boundary	conditions	on	the	
sidewalls:	slip	and	non-slip.	
The	numerical	simulations	show	that	for	forced-mixed	convective	flow,	the	flow	topology	
induced	by	the	sidewalls,	i.e.	the	outline	and	location	of	the	reattachment	line,	wall	jets	and	
upper	wall	secondary	recirculation	zone,	are	the	equivalent	to	those	corresponding	to	the	
adiabatic	flow.	
When	the	heat	transfer	phenomena	in	the	bottom	wall	downstream	of	the	step	is	analyzed,	it	
is	observed	that	the	maximum	value	of	the	Nu	number	appears	in	the	zone	where	the	
reattachment	length	is	minimum,	near	the	lateral	walls,	even	for	the	case	for	Re	=	1200.	
However,	when	the	slip	boundary	condition	is	imposed	on	the	sidewalls	of	the	BFS,	the	
variation	of	the	Nu	on	the	heated	lower	surface	is	z-independent	(i.e.	two-dimensional	flow)	
and		the	maximum	value	occurs	in	the	reattachment	zone,	for	Re	smaller	or	equal	than	1000.	
At	the	highest	Reynolds	(Re	=	1200),	when	the	intrinsic	three-dimensional	instabilities	appear,	
the	flow	features	depend	on	z	and	the	value	of	the	spanwise-averaged	Nu	is	greater	than	that	
obtained	with	non-slip	sidewalls.	
31
This	finding	shows	that	the	effects	induced	by	the	lateral	walls	in	the	case	of	BFS	with	low	
aspect	ratio	(AR=4)	is	so	strong	that	it	dampens	the	incipient	effect	of	the	three-dimensional	
instability	that	appears	at	the	beginning	of	the	transitional	flow.	As	a	result,	the	surface	
averaged	Nu	is	greater	in	the	case	of	slipwalls	than	in	the	case	of	non-slip	sidewalls.	
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